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Anode-supported cells were fabricated with optimized cathodes showing high power density of 1.2 W/cm2 at 800°C under a cell
voltage of 0.7 V and an active area of 4  4 cm. A microstructure study was performed on such cell using a field-emission gun
scanning electron microscope, which revealed that the La1−xSrxyMnO3± LSM composite cathodes consist of a network of
homogenously distributed LSM, yttria-stabilized zirconia YSZ, and pores. The individual grain size of LSM or YSZ is approxi-
mately 100 nm. The degree of contact between cathode and electrolyte is 39% on average.
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Planar anode-supported cells have shown power density of more
than 1 W/cm2 at 800°C under 0.7 V.1-5 This led to a reduction of
operation temperature from 1000 to 750°C in solid oxide fuel cell
SOFC systems, which has resulted in a significant cost reduction
and improvement of the long-term stability. Such successes have
been realized by the cell design as LSM + YSZ/YSZ/Ni
+ YSZ using state of art materials, namely, yttria-stabilized zirconia
YSZ for the electrolyte, Ni + YSZ for the anode, and
La1−xSrxyMnO3±LSM + YSZ as the cathode. This design is by
far the most commonly used. The theoretical and experimental work
has shown that the dominant loss was attributed to the cathode in the
cell operating at the range of 600–850°C. To reduce the polarization
resistance in the cathode, many groups have studied the relationship
between the cathode microstructure and the electrochemical
properties.6-10 They indicated that a composite cathode with desir-
able microstructure was the key to obtaining good electric and
chemical performance of the cathode. In the composite cathode with
LSM and YSZ, the electrochemical reduction of oxygen occurs at
the conjunction of the three-phase boundary TPB. The three
phases are LSM, YSZ, and gas pores. In a fuel cell using compos-
ite cathode, the TPBs extend well into the cathode in areas placed
away from the physically distinct cathode/electrolyte interface, and
substantially lower the cathodic polarization. Therefore not only the
microstructure at the cathode/electrolyte interface, but also the entire
cathode microstructure was considered to be responsible for the po-
larization of the cathode. Recently, Williford and Singh reported
their computational design analysis of a high performance cathode.11
Their calculation illustrated that an optimal cathode structure may
be built by a two-layer structure with a thinner layer with smaller
grain diameters at the cathode/electrolyte interface followed by a
relatively thicker outer layer with larger grains at the electrode/
oxidant interface. However, this report was lacking detailed micro-
structure information and a clear relation between performance and
microstructure. Moreover, little microstructure information was re-
ported in the cells with high power densities. At Risø National Labo-
ratory, the processing optimization of the LSM/YSZ composite cath-
ode was carried out in a systematic way,5 which led to doubled
power density enhancement in comparison with cells from a previ-
ous version. In this work, the properties of the high power density
cell are reported and the cathode microstructure is investigated using
a high resolution field-emission gun scanning electron microscope
FEGSEM.
Experimental
Anode-supported cells were produced by tape casting the anode
support, spraying the NiO-YSZ active anode and the YSZ electro-
lyte layer, followed by cosintering. Then the cathode was sprayed
and sintered.5 The cells with an active electrode area of 4  4 cm
were tested in a setup designed at Risø.12 Humidified hydrogen with
5% water was used as the fuel and air was used as the oxidant.
Current loads up to 40 A were applied to the cell to obtain the
current-voltage I-V measurements. The cell tests were performed
in a temperature range from 850 to 650°C. The FEGSEM ZEISS
Supera-35 used in this work has a superb image resolution, namely,
1.0 nm at 20 kV and 2.5 nm at 1 kV in theory.
Results and Discussion
Figure 1 shows the I-V curves of an anode-supported cell pro-
duced using the improved cathode processing technique. The cells
with an active area of 4  4 cm were tested using humidified hy-
drogen with 5% H2O as fuel and air as oxidant. The hydrogen flow
was 30 L/h and airflow was either 140 or 170 L/h. Figure 2 dem-
onstrates the high power density achieved in the anode-supported
cell using the optimized cathode.
Table I summarizes the performance of the anode-supported cell.
Here the Timax is the measured cell temperature at maximum current.
The ASR is the area specific resistance of the anode-supported cell
ASR = OCV–V/imax, where OCV is the open-circuit voltage, V is
the cell voltage, and imax is the maximum current density. Almost
theoretical open cell voltages were obtained indicating tight electro-
lyte, optimal electrical potential through the cell, and tight cell test
house. Power density as high as 1.2 and 0.5 W/cm2 at 800 and
700°C, respectively, have been achieved under a voltage of 0.7 V.
The fuel utilization F.U. at 0.7 V is also shown in Table I. This
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Figure 1. I-V curves obtained under a hydrogen flow of 30 L/h with 5%
water vapor.
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performance indicates that the anode-supported cell with improved
LSM/YSZ composite cathode has the potential to be operated at
650–750°C with an acceptable power density.
The polished cross section of the cell was examined in the
FEGSEM ZEISS Supra-35 with focus on the cathode and the
cathode/electrolyte interface. Figure 3 is a micrograph obtained by
the backscattered detector. Figure 4 was obtained using the high
efficiency inlens detector and a very low accelerating voltage. It is a
high-resolution image of the polished sample surface. As this image
is free of the influence of the depth under the surface, it is excellent
for evaluating the adhesion at the interface.
The cathode was a very fine structured composite with uniformly
distributed LSM/YSZ and pores. The LSM and YSZ were sintered
together forming a network, and it was incorporated uniformly with
a network of pores. Because the backscattered coefficients of LSM
and YSZ are very close to each other, the two phases cannot be
distinguished clearly in Fig. 3. However, energy dispersive spec-
trometry EDS mapping shows that the distribution of the LSM and
YSZ grains are homogeneous. Furthermore, a distinct feature of this
cathode is that the LSM/YSZ network is well adhered to the elec-
trolyte as shown in Fig. 4. It can be seen that almost all the available
“branches” of the LSM/YSZ network at the interfacial region are
connected to the electrolyte.
To quantify the degree of interface adhesion, the linear coverage
of the electrolyte interface by the cathode phases, i.e., the length
fraction of the “connecting bridges,” is measured on 3 inlens im-
ages. The measured coverage value varied from 32 to 52% with an
average value of 39%, shown in Table II. The width of each bridge
was measured as well, the average value of which was 62 nm. The
YSZ network in the composite cathode is expected to grow like a
tree with strong roots. Such connected network offers large extended
contacts between ionic conductor electrolyte YSZ and electronic
conductor LSM. Porous structure with very small grain size enlarges
the number of the active TPBs. However, such beneficial effect can
be realized only when the adhesion between electrolyte and cathode
is strong, namely, the roots are strong.
Figure 5 shows a fractured cross section of a symmetrical cath-
ode cell in a configuration of LSM + YSZ/YSZ/LSM + YSZ.
The fabrication method of the cathode in the full cell reported in this
work was implemented from the parameters found in the optimiza-
tion of processing with a series of symmetrical cathode samples. It
was expected that identical processing conditions be applied to the
preparation of the cathodes in the samples shown in Fig. 5 and 3.
From Fig. 5, the individual grains either LSM or YSZ are clear and
round. The grain size is approximately of 100 nm. Sintering necks
between the grains indicate good connection between LSM/LSM,
LSM/YSZ, or YSZ/YSZ grains. High numbers of active TPB is
expected in such cathode network under the condition of strong
adhesion at the cathode/electrolyte interface shown in Fig. 4 and
Table II. In this picture, it was expected that the cross section was
the weakest one because of the fracture nature of the broken sample.
We have demonstrated that a nanostractured cathode can be pro-
duced in the SOFC processing condition, namely, at high tempera-
ture. Our long-term performance evaluation and post-test analysis
indicated the nanostructure was kept in the SOFC operation
conditions.13,14
Table I. Performance of the anode supported cell (4 Ã 4 cm ac-
tive area).
Temperature
°C
Timax
°C
OCV
V
Current at
0.7 V
A
Power
density at
0.7 V
W/cm2
ASR
 cm2
F.U.a
%
850 864 1.070 32.9 1.44 0.175 46
800 816 1.082 26.7 1.17 0.209 35
750 758 1.092 18.3 0.8 0.305 22
700 708 1.101 11.7 0.51 0.47 16
650 655 1.111 6.6 0.29 0.845 9
a Fuel utilization at 0.7 V.
Figure 2. Power density obtained in the anode-supported cell 4  4 cm
active area.
Figure 3. A backscatter image of the cathode and cathode/electrolyte inter-
face.
Figure 4. A secondary electron image obtained using the inlens detector on
the cathode/electrolyte interface.
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It’s difficult to draw the direct conclusion that smaller grain size
leads to larger number of active TPBs and lower cathode
polarization.9 From many studies done in the past, it is clear that the
electrode performance, which was ultimately evaluated by the area
specific resistance, is determined by multimicrostructure factors, in-
cluding grain size, pore size, electrolyte/electrode interface, elec-
trode uniformity, as well as the distribution of the network. Theoret-
ical calculation has shown that doubled current may be obtained by
reducing the grain size from 1.0 to 0.25 m.11 It is also straightfor-
ward that smaller grain and pore size lead to larger number of active
TPBs. However, such a hypothesis may be established only under
the condition of well and homogeneously connected ionic, elec-
tronic components and pores in the cathode as well as good adhe-
sion at electrolyte/electrode. This work has demonstrated that high
power density can be achieved by the nanostructured cathode.
Conclusion
By FEGSEM ZEISS Supera-35, a microstructure analysis was
conducted on the cathode of a high power density fuel cell. The
microstructure of the composite cathode shows a homogeneous po-
rous network consisting of three components LSM, YSZ, and pores.
The individual grain size of either LSM or YSZ was approximately
100 nm. The interface at cathode and electrolyte is well bonded. The
percentage of contact line at cathode/electrolyte interface was mea-
sured to be 39% on average. By engineering the cathode through
processing optimization, it was possible to make nanostructured
cathodes, which are believed to increase the length of the active
TPB, thereby enhancing the power density of the cell.
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Table II. Length fraction of the connecting bridge between
LSM + YSZ and YSZ.
Cell name Bridge min Bridge max Average
Average size of
the bridge
C0631 32% 52% 39% 62 nm
Figure 5. Fractured cross section of a symmetrical cathode cell.
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